Well-defined complex quantum ring structures formed by droplet epitaxy are demonstrated. By varying the temperature of the crystallizing Ga droplets and changing the As flux, GaAs/ AlGaAs quantum single rings and concentric quantum double rings are fabricated, and double-ring complexes are observed. The growth mechanism of these quantum ring complexes is addressed. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2234564͔
The fabrication of quantum-confined nanostructures has been intensively investigated in the last decade for basic physics and device applications. 1, 2 Just like quantum dots ͑QDs͒, quantum rings ͑QRs͒ possess atomlike properties, which make them potentially applicable in electronics, optics, and quantum cryptography. [3] [4] [5] At the same time, quantum rings offer us a unique chance to study unusual magnetic susceptibility behavior and the Aharonov-Bohm effect. 6, 7 Recently, coupled quantum systems have attracted great attention for their potential application in quantum information processing and quantum computing. 8, 9 Although coupled QDs have been extensively studied experimentally and theoretically, the fabrication of coupled QRs has never been reported. Therefore an effective method to synthesize QR complexes must be established. However, only a few limited methods have been reported up to now.
One kind of semiconductor ring has been fabricated using traditional lithography techniques. 10 However, such methods become more complicated as the diameter of the rings becomes smaller. Another kind of InAs/ GaAs and InAs/ InP strained QRs has been achieved by the wellestablished self-organizing technology. 11, 12 However, strain from an additional cap layer may greatly affect their optical and electronic properties. From this viewpoint, well-defined strain-free rings are desirable.
Several groups have realized semiconductor nanostructures in lattice-matched systems by using droplet epitaxy. [13] [14] [15] This method involves the incorporation of group V elements into group III element droplets deposited on a III-V compound semiconductor substrate. The liquid nature of the droplets tends to produce dislocation-free coherent quantum structures. In this letter, we report the formation of well-defined GaAs QR complexes on an Al 0.3 Ga 0.7 As surface by droplet epitaxy in a lattice-matched system. Atomic force microscopy ͑AFM͒ images reveal that GaAs quantum single rings ͑QSRs͒, quantum double rings ͑QDRs͒, and coupled quantum double-ring ͑CQDR͒ complexes were formed with the change of substrate temperature and As flux.
All samples were grown by a VG80 solid-source molecular beam epitaxy ͑MBE͒ system on semi-insulating GaAs ͑001͒ wafers. After the desorption of native oxides by heating the substrate to 580°C under an As 4 flux until the streaky reflection high-energy electron diffraction ͑RHEED͒ pattern appeared, a 500 nm thick GaAs buffer layer and then a 200 nm thick Al 0.3 Ga 0.7 As layer was grown at 580°C. Then the substrate temperature was cooled with the As shutter closed. Subsequently, Ga atoms were deposited with no As flux, forming Ga droplets. Then the process of crystallization of the Ga droplets into GaAs nanostructures was quickly carried out under the As flux. The morphologies of GaAs nanostructures were evaluated using a Nanoscope IIIa AFM in contact mode. Figure 1 shows AFM images of Ga droplets formed by depositing two different amounts of Ga. The uniform size distribution of the Ga droplets can be seen in Fig. 1͑a͒ with a density of 3.7ϫ 10 9 cm −2 , and an average base size ͑height͒ of 35 nm ͑8.7 nm͒, by depositing 6 ML ͑monolayer͒ of Ga. Fixing the amount of deposition, we demonstrate that the density of Ga droplets decreases exponentially with the increase of temperature, which fits well with Arrhenius behavior. 16, 17 When the amount of deposition is changed to 12 ML, the average lateral size and the density of the Ga droplets drastically change to 50 nm and 3.0ϫ 10 10 cm −2 , with an average height of 9.8 nm, as plotted in Fig. 1͑b͒ . Thus we can control the density and size of the Ga droplets by varying the amount of deposition of Ga and the substrate temperature.
The crystallization process was carried out immediately after the formation of the Ga droplets. Figure 2 shows AFM images of the surface morphologies after crystallizing the Ga droplets with 6 ML of deposition under an As flux of 1 ϫ 10 −6 Torr at three different temperatures. Figure 2͑a͒ shows that high-density QDs were formed with a density over 5 ϫ 10 10 cm −2 at a substrate temperature of 150°C. When the substrate temperature was changing to 200°C while holding the other growth parameters constant, single rings were formed with a diameter ͑height͒ of about 40 and 2.5 nm and with a density of 1.7ϫ 10 10 cm −2 , as shown in Fig. 2͑b͒ . When the substrate temperature was increased to 300°C, many unique QDRs were formed that were composed of split inner and outer rings with average sizes of about 40 and 97 nm, respectively. The double rings were 4 nm high with a density of 2.8ϫ 10 9 cm −2 . When decreasing the As flux during the crystallization of Ga droplets at 300°C with 6 ML of Ga deposition, we found that CQDRs were formed, as shown in Fig. 3 . Figure 3͑a͒ shows that some of the QDRs were coupled with the arsenic beam equivalent pressure ͑BEP͒ 5 ϫ 10 −7 Torr at 300°C. Each of them was coupled by two QDRs. When the As flux was further decreased to 2.5ϫ 10 −7 Torr while holding the other growth parameters constant, three-QDR-coupled structures appeared, as shown in Fig. 3͑b͒ . The fabrication of CQDRs provides an opportunity to study CQDR electronic and optical properties and opens a route to the measurement of quantum interference effects that are expected in crosslinked molecule systems. Now let us discuss the formation mechanism of these quantum ring complexes. The crystalline morphology is governed by the interplay between the migration of surface adatoms and the speed of the Ga droplet crystallization. At 150°C, far from equilibrium MBE growth conditions, the growth mode changes from the two-dimensional Frank-van der Merwe mode to the three-dimensional Volmer-Weber mode. Due to the low thermal energy, the Ga adatoms on the surface become so immobile that they cannot jump over local energy barriers. Insufficient mass transport inhibits the two-dimensional ͑2D͒ mode and gives rise to growth in the three-dimensional ͑3D͒ mode, which forms GaAs QDs. Increasing the substrate temperature to 200°C is not sufficient to drive 3D growth because there is simultaneous 2D layerby-layer growth. More effective crystallization occurs at the droplet boundaries, where the Ga atoms from the droplets react frequently with the As atoms, engendering the formation of QSRs.
With a growth temperature of 300°C, concentric double rings are formed, indicating that the Ga atoms migrate away from the droplets due to the increased thermal energy. In the initial crystallization stage, some of the Ga atoms are crystallized at the droplet boundaries, and the others migrate away from the droplets, where As atoms are densely dispersed on the surface. This concentration gradient might engender the migration of Ga atoms away from the droplets and the migration of As atoms toward the droplets. Efficient counterflows of Ga and As atoms result in the crystallization of GaAs outside the original droplets, leading to the formation of the outer rings. The fact that coupled QDRs appear when the As flux intensity is decreased ͑as shown in Fig. 3͒ provides direct evidence that agrees with the growth mechanism addressed above. When the crystallizing temperature is fixed, the crystallizing speed decreases with the decrease of As flux. Then the Ga adatoms can diffuse farther away from the droplets, thereby increasing the coupling probability of neighboring QDRs.
In summary, we report the formation of well-defined GaAs QR complexes on an Al 0.3 Ga 0.7 As surface by droplet epitaxy in a lattice-matched system. By varying the crystallization temperature of the Ga droplets, we have fabricated GaAs/ AlGaAs QSRs and concentric QDRs. When changing the As flux, we have observed double-ring complexes, which provide an opportunity to study the electronic and optical properties of coupled QDRs, and open a route to the measurement of quantum interference effects. The growth mechanism of quantum ring complexes has been addressed as well.
